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Thiazolidinedione derivatives are antidiabetic agents 
that increase the insulin sensitivity of target tissues in 
animal models of non-insulin-dependent diabetes melli- 
tus. In vitro^ thiazolidinediones promote adipocyte dif- 
ferentiation of preadipocyte and mesenchymal stem cell 
lines; however, the molecular basis for this adipogenic 
effect has remained unclear* Herei we report that thia- 
zolidinediones are potent and selective activators of 
peroxisome proliferator-activated receptor y (PPARy), a 
member of the nuclear receptor superfamily recently 
shown to function in adipogenesis. The most potent 
of these agents, BRL49653, binds to PPARy with a 
of approximately 40 um. Treatment of pluripotent 
C3H10T1/2 stem cells with BRL49653 results in efficient 
differentiation to adipocytes* These data are the 0rst 
demonstration of a high affinity PPAR ligand and pro- 
vide strong^ evidence that PPARy is a molecular target 
for the adipogenic effects of thiazolidinediones. Fur- 
thermore, these data raise the intriguing possibility that 
PPARy is a target for the therapeutic actions of this 
class of compounds. 



Adipocytes are highly specialized cells that play a critical 
role in energy homeostasis. Their primary role is to store tri- 
glycerides in times of caloric excess and to mobilize this reserve 
during periods of nutritional deprivation. Adipocytes are de- 
rived from a multipotent stem cell of mesodermal origin that 
also gives rise to the muscle and cartilage lineages. Studies of 
the adipoc3rte differentiation program have been facilitated by 
the availability of established mesenchymal and preadipocyte 
cell lines that can be induced to differentiate upon treatment 
with mixtures of hormonal stimulants (reviewed in Ref. 1). 

Adipoc3i^ differentiation is characterized by a coordinate 
increase in adipocyte-specific gene expression. In most cases, 
these increases can be accounted for by activation of gene 
transcription. Thus, considerable effort has been focused on the 
identification of transcription factors that regulate adipocyte- 
specific genes. Recently, an orphan member of the nuclear 
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receptor superfamily of ligand-activated transcription factors, 
designated peroxisome proliferator-activated receptor y 
(PPARy),* was shown to be expressed in an adipose-specific 
manner and its expression induced early during the course of 
differentiation of several preadipocyte cell lines (2, 3). Subse- 
quent studies revealed that forced expression of PPARy in 
fibroblasts resulted in adipocyte differentiation; this differen- 
tiation was significantly enhanced in the presence of weak 
PPARy activators (4). These data demonstrated that PPARy 
plays a pivotal role in the adipogenic signaling cascade. 

PPARy is one of a subfamily of PPARs encoded by independ- 
ent genes (5), To date, three mammalian PPARs, designated 
PPARa, PPARy, and NUC-1, have been identified (6-10). 
PPARs regulate gene expression by binding to DNA sequence 
elements termed PPAR response elements. PPAR response 
elements have been identified in the regulatory regions of a 
number of genes encoding enzymes that modulate lipid metab- 
olism, indicating a physiological role for the PPAR family in the 
regulation of Upid homeostasis (reviewed in Ref. 11). PPARs 
have been shown to be activated to various degrees by micro- 
molar concentrations of long-chain fatty acids and a structur- 
ally diverse group of compounds termed peroxisome prolifera- 
tors that includes the fibrate class of hypolipidemic drugs (5-9, 
12). However, as no binding of these compounds to the PPARs 
has been reported, PPARs have remained *'orphan" receptors. 

To further examine the role of PPARy in adipocyte differen- 
tiation, we sought to identify activators of PPARy. We report 
here that a class of compoimds, termed thiazolidinediones (13), 
are PPARy-selective hgands. Thiazolidinediones are known to 
have marked adipogenic effects on preadipocyte and mesenchy- 
mal stem cells in vitro (14-17) and dramatic antidiabetic ef- 
fects in animal models of NIDDM (13, 18). Our data provide 
strong evidence that PPARy is the molecular target for the 
adipogenic effects of thiazolidinediones and, furthermore, sug- 
gest that PPARy may be the target for the antidiabetic actions 
of this class of compounds. 

MATERIALS AND METHODS 

Plasmids — GAL4-PPAR chimera expression constructs contain the 
translation initiation sequence and amino acids 3-76 of the glucocorti- 
coid receptor fused to amino acids 1—147 of the yeast transcription 
factor GAL4, including the DNA binding domain, in the pSG6 expres- 
sion vector (Stratagene). cDNAs encoding amino acids 167-468, 138- 
440, and 174-475 of murine PPARo, NUC-1, and PPAR7I (ref. 8) were 
amplified by polymerase chain reaction and inserted C-terminal to 
GAL4 in the pSG5 expression vector (Stratagene) to generate plasmids 
pSG5-GAL4-PPARa, pSG5-GAL4-NUC-l, and pSG5-GAL4-PPARy, re- 
spectively. The regions of the PPARs included in the chimeras should 
contain the ligand binding domains based on their homology to ligand 
binding domains of characterized nuclear receptors (19, 20). The chi- 
meras initially contained the translation start site and N- terminal 262 
amino acids of the glucocorticoid receptor, including the Ti transcrip- 
tional transact! vation domain (21), However, as these chimeras had 
high basal activity in CV-1 ceUs, a 0.6-kilobase Bglll fragment contain- 
ing the Tj domain was removed, leaving the translation start site and 
amino acids 1-76 of the glucocorticoid receptor. Wild-type receptor 
expression vectors were generated by insertion of cDNAs encoding 
murine PPARa, NUC-1, PPAR7I, and PPAR72 into the expression 



*The abbreviations used are: PPARy, peroxisome proliferator- 
activated receptor y, NIDDM, non-insulin-dependent diabetes melUtus; 
DME medium, Dulbecco's modified Eagle's medium; CAT, chloram- 
phenicol acetyltransferase; tk, thymidine kinase; GST, glutathione 
S-transferase. 
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vector pSG5 (Stratagene). Reporter plasmid (UAS)fl-tk-CAT was gener- 
ated by insertion of five copies of a GAL4 DNA binding element into the 
BamHl site of pBLCAT2 (Ref 22), The reporter aP2-tk-CAT was gen- 
erated by insertion of the 518-bp£coRI/XfeaI fragment containing the 
enhancer of the aP2 gene (23) into the BamUl site of pBLCAT2, 

Cotransfection Assay— CV-1 cells were plated in 24'Well plates in 
DME medium supplemented with 10% deHpidated fetal calf serum. In 
general, transfection mixes contained 10 ng of receptor expression 
vector, 100 ng of the reporter plasmid, 200 ng of 0-galactosida3e expres- 
sion vector (pCHllO, Pharmacia) as internal control, and 200 ng of 
carrier plasmid. Transfecttons were done with Lipofectamine (Life 
Technologies, Inc.) according to the manufacturer's instructions. Cell 
extracts were prepared and assayed for chloramphenicol acetyltrans- 
ferase (CATJ and /3-galactosida8e activities as described previously (24). 

Ligand Binding Assay — cDNA encoding amino acids 174-475 of 
PPARyl was amplified via polymerase chain reaction and inserted into 
bacterial expression vector pGEX-2T (Pharmacia). GST-PPAR7 LBD 
was expressed in BL21(DE3)plysS cells and extracts prepared as de- 
scribed previously (25). For saturation binding analysis, bacterial ex- 
tracts (100 /ig of protein) were incubated at 4*0 for 3 h in buffer 
containing 10 mM Tris (pH 8.0), 50 mM KCl, 10 mM dithiothreitol with 
[3H1-BRU9653 (specific activity, 40 Ci/mmol) (18) in the presence or 
absence of unlabeled BRL49653. Bound was separated from free radio- 
activity by elation through 1-ml Sephadex CJ-25 desalting columns 
(Boehringer Mannheim). Bound radioactivity eluted in the column void 
volume and was quantitated by liquid scintillation counting. 

Adipocyte Differentiation A«soy— C3H10T1/2 cells were grown in a 
24-well plate in DME medimn (Life Technologies, Inc.) supplemented 
with 10% fetal calf serum. Medium and compound were exchanged every 
3 days. Cells were stained at day 7 with Oil Red O and photographed. 

Northern Analysis — C3H10T1/2 cells were grown in 225-mm flasks 
in DME medium (Life Technologies, Inc.) supplemented with 10% fetal 
calf serum. Medium was exchanged every 3rd day and fresh compound 
added. Cells were harvested on day 7 and polyiAV RNA prepared using 
the PolyATracb® system 1000 (Promega). 

RESULTS AND DISCUSSION 

Thiazolidinediones are Selective Activators of PPARy — 
transient cotransfection assay was used to screen for PPAR7 
activators. As mammalian cell lines contain endogenoiis nu- 
clear receptors that can complicate interpretation of the re- 
sults, we used an established chimera system (26). Chimeras 
were constructed that fused the putative ligand binding do- 
mains of the three murine PPAR subtypes (a, 7, NUC-1) to the 
DNA binding domain of the yeast transcription factor GAL4. 
The structural organization of the GAL4-PPAR chimeras is 
shown schematically in Fig. lA. 

Expression plasmids for the GAL4-PPAR chimeras were co- 
transfected into CV-1 cells with a reporter construct containing 
five copies of the GAL4 DNA binding site upstream of the thy- 
midine kinase (tk) promoter driving chloramphenicol acetyl- 
transferase (CAT) gene expression. As previously reported, all 
three PPAR subtypes were activated by high concentrations of 
the peroxisome proliferator Wyl4,643 (Fig. IB) (5-8, 12). 
Whereas the PPARa-GAL4 chimera was activated in the pres- 
ence of 1 X 10"^ M Wy 14,643, activation of the PPARy and 
NUC-1 chimeras required 1 X 10"* m Wy 14,643 (Fig. IB). Using 
this assay, we identified four compounds that were efficacious 
activators of the GAL4-PPAR7 chimera at a concentration of 1 X 
lO"*^ M, yet had little or no activity on either the GAL4-PPARa or 
GAL4-NUC-1 chimeras (Fig. IB), even when concentrations as 
high as 1 X 10" * m were used (data not shown). These chemicals 
failed to activate a control chimera that lacked a ligand binding 
domain (data not shown). Interestingly, these four compounds, 
termed BRL49653, pioglitazone, ciglitazone, and engUtazone, fall 
into a class of structurally related antidiabetic agents designated 
thiazohdinediones (Fig. IC). 

The effects of the thiazolidinediones on wild-type PPAR7 
were examined next. Two isoforms of PPARy, termed PPAR7I 
and PPAR72, have been identified and shown to differ in their 
amino termini (2, 8-10). Expression vectors for the two PPARy 
isoforms were cotransfected into CV;1 cells with a reporter 



MCS 




PPARa 167^68 



NUC-1 138^40 



PPARy 174H75 



B 



225 
200 
•f 175 
I 150 
5 125 
I 100 



o 



75 
50 
25 



PPARa 



NUC-1 



I 



PPARy 



□ vehicle 

0 Wy 14,643 |-5M| 

eWyl4,64J HM| 

Q CD^tflzoar 

^clgUt«io»e 

■ plogUtuone 

■ BRL49653 



1 




I 


1 




I 


i 




% 








I 
















i 










i 







BRL49653 



Pioglitazone 



Ciglitazone 



Englitazone 



Fig. 1. Thiazolidinediones are selective activators of PPARy. A » 

schematic representation of the chimeras used in this study. Chimeras 
include tiie translation initiation site and amino acids 1-76 of the glu- 
cocorticoid receptor {GR\ amino adds 1-147, including the DNA binding 
domain, of GAL4, and the putative Ugand binding domains of PPARa, 
NUC-1, and PPARy. See TVIaterials and Methods" for additional details, 
AfCS, multiple cloning site. B, CV-1 cells were cotransfected with chimeric 
receptor expression plasmids pSG5-GAL4-PPAR«, pSG5-GAL4-NUC-l, 
or pSG5-GAL4-PPARy and the reporter plasmid (UAS)5-tk-CAT. CeUs 
were treated with either vehicle alone (0.1% MeaSO), 1 X 10"^ m or 1 x 
10"* M Wyl4,643, or 1 X 10"° M thiazolidinediones and cell extracts 
subsequently assayed for CAT activity. Similar results were obtained in 
two independent experiments performed in tripUcate. C, chemical struc- 
tures of BRL4fl653, pioglitazone, ciglitazone, and enghtazone, 

plasmid containing the enhancer of the adipocyte-specific aP2 
gene driving expression of the tk-CAT construct. The aP2 en- 
hancer has previously been shown to contain two PPARy re- 
sponse elements and to confer responsiveness to pioglitazone 
(2, 27). Both PPAR7I and PPARt2 were activated by 
BRL49653 and pioglitazone in a dose-dependent and saturable 
manner (Fig. 2), Interestingly, although the half-maximal con- 
centration of activation with pioghtazone was 4 X 10^' m for 
both PPARy isoforms, the ECgo with BRL49653 was 3 X 10"^ 
M and 1 X 10-'^ M for the PPAR7I and PPAR72 isoforms, 
respectively (Fig. 2). Thus, the two PPARy isoforms have dis- 
tinct activation profiles. Ciglitazone and englitazone, although 
less potent, also activated both PPARy isoforms (Fig. 2). No 
significant activation of wild-type PPARa or NUC-1 was seen 
in the presence of 1 X 10"^ M of the thiazolidinediones (data not 
shown). Likewise, the thiazolidinediones failed to activate 
other nuclear receptors including the human retinoic acid re- 
ceptor a and the human thyroid hormone receptor ^ (data not 
shown). Thus, the thiazolidinediones are potent and Selective 
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Fig. 2. Thiazolidinediones activate wild*type PPAR7I and 
PPARt^S. CV-1 cells were cotranafected with expression plaamids for 
PPARyl (A) or PPAR72 (B) and reporter plasmid aP2-tk-CAT. Cells 
were treated with increasing concentrations of BRL49653 (open dia- 
mondsX pioglitazone {open triangles), ciglitazone (closed squares\ and 
englitazone (stars), and cell extracts subsequently assayed for CAT 
activity. Similar results were obtained in two independent experiments 
performed in triplicate, 

activators of PPAR7. 

Thiazolidinedione BRL49653 Is a High Affinity PPARy Li- 
gand — Although it has been shown that members of the PPAR 
subfamily of nuclear receptors are activated by micromolar 
concentrations of fatty acids and hypolipidemic drugs such as 
clofibric acid and Wy 14,643, none of fixese compounds have 
been shown to interact directly with the PPARs (5-9, 12). To 
test for binding of BRL49653 to PPAR7. the region extending 
from the end of the conserved DNA binding domain to the C 
terminus of PPARy, which includes the putative ligand binding 
domain (LBD) (19, 20), was expressed in Escherichia coli as a 
fusion protein with glutathione S-transferase (GST-PPAR7 
LBD). Radiolabeled BRL49653 bound specifically and satura- 
bly to GST-PPARy LBD with a of 43 nivi (Fig. 3, A and B). No 
binding was detected in control extracts from bacteria express- 
ing glutathione S-transferase (data not shown). Consistent 
with the dose-response data for PPARy in the transient trans- 
fection assay, BRL49653 was the moat effective competitor for 
binding of tritiated BRL49663 to GST-PPARy LBD, followed by 
pioglitazone (Fig. SC}. Ciglitazone and englitasone also com- 
peted for binding of tritiated BRL49653 to GST-PPARy LBD, 
albeit less efficiently than pioglitazone (Fig. 3C). Thus, all four 
thiazolidinediones bound directly to PPARy. In control experi- 
ments, dexamethasone failed to compete with tritiated 
BRL49653 for binding to PPARy (Fig. 3C). These data repre- 
sent the first description of PPAR Ugands and demonstrate 
that PPARy is a bona fide member of the steroid/thyroid hor- 
mone/re tinoid family of ligand-activated transcription factors. 

BRL49653 Promotes Differentiation of C3H10Tlf2 Stem 
Cells to Adipocytes — Induction of PPARy message is a very 
early event during the course of differentiation of several pre- 
adipocyte cell lines, preceding the induction of other adipocyte 
markers such as aP2 and C/EBPa (2-4). Recently, it was 
shown that ectopic expression of PPARy in fibroblasts induces 
the entire adipocyte differentiation program as measured by 
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Fio. 3. The thiazolidinedione BRL49653 binds PPARy with 
high affinity. A, bacterial extracts containing the glutathione 5-trana- 
feraae-PPARY ligand binding domain fusion protein (GST-PPARyLBD) 
were incubated with increasing concentrations of tritiated BRL49643 in 
the absence (total binding; closed circles) or presence (nonspecific bind- 
ing; closed squares) of a 500-fold excess of nontritiated BRL4d653. 
Specific binding of tritiated BRL49653 to GST-PPARyLBD is indicated 
(open triangles). B, Scatchard analysis. Specific binding of BRL49653 in 
A was transformed by Scatchard analysis and plotted. Linear regres- 
sion yielded a of 43 nM. Similar results were obtained in three 
independent experiments performed in duplicate. C, competition bind- 
ing analysis was performed with GST-PPARyLBD and 10 nM tritiated 
BRL49653 in the presence of a 100-. 600-. or 2500-fold excess of unla- 
beled BRL49653 (closed squares), pioglitazone (open squares), englita- 
zone (closed circles)^ ciglitazone (open circles), or dexamethasone (closed 
triangles). Similar results were obtained in two independent experi- 
ments performed in duplicate. 

lipid accumulation and induction of adipocyte-specific genes 
(4). These data demonstrate a causal role for PPARy in adipo- 
genesis. To test for an effect of a PPARrselective ligand on 
adipogenesis, we treated pluripotent C3H10T1/2 stem cells 
with BRL49653. Untreated C3H10T1/2 cells express PPARy as 
demonstrated by Northern analysis (Fig. 40. Treatment of 
C3H10T1/2 cells with BRL49653 resulted in efficient adipocyte 
differentiation as judged by Oil Red O staining (Pig. 4, A and B) 
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Fig 4- BRIyi»653 pix)motes differentiation of C3Hi<^l/2 cells to adipocytes. C3M10T1/2 cells were treated for 7 days with either vehicle 
alone (0.1% MejiSO) (A) or 1 X 10 ^ U BRL49653 (JS) and subsequently stained for lipid accuniulatioti with Oil Red 0, Mapiification is X 40. Q, 
Nbrthetn analysis was perfonned with 2 uf polyiAV A; prepared from C3H10T1/2 cells that were either untreated (day 0) or treated fo^ 7 
days with 1 X 10 ^ m BRL49653, Blots were hybridized with ^'^P^labelcd aP2, adipsin, PPARy, and GAi^DH cDNA probes. An equivalent amount 
of intact RNA was run in each lane a^s indicated by the C^APDIi cPNA probe. Exp<»8ure tiiuoa were L5, 24, 40, and 7 K for aP2, adipsin, PPARy, 
and glyceraldehydc-3rpho»phatye dehydrogenase iOAf^DM) blots, respectively. 



arid Northern artalysis using the adipocytt^-speciBc markers 
aP2 and adipsin (Fig. 4Ch PPARy expression levels were in- 
creased approximately 3^foid ill response to treatment with 
BRL49653 (Fig. 4€). Significant adijpocyte difrei^^^ was 
$een at c<nicent rations of as low as I X 10 ^ M (data 

not shown). These data provide evidence that ligand-mediated 
activation of PPMly is suilficient to initiate the adipogenic 
signaling cascade in a mesenchymai stenv cell line. Futthtsr- 
more, our results provide a mechanistic isxplanatipn for the 
reported adipogenic efeta of several thiazdlidinediou^is on 
preadipocyte cell lines (14™17). 

ThiazoUdiuediones are insulin sensitizers that significantly 
reduiio glucose, lipiii' and ih$ulin levels in animal models of 
NIDDM and obesity (13)- Our results suggest that PPAJRy may 
be a target for the antidiabetic effects of tht^^e agents. How 
might activation of an adipocyte^speeific transcription factor 
account tor these diverse therapeutic effects? In recent years 
there has been aigrowing awareness that NIDDM is not only a 
derangement of glueose homeostasis, but is also characterized 
by elevated levels of circulating lipids; Although the mecha- 
msm is poorly characterixed, increases in lipid levels have been 
shown to interfere with glucose disposal (reviewed in Eef. 28). 
Thus, activation of PPARy in adipose may affect glucose usage 
in other tifjsues such as skeletal nvusele, the primary site of 
glucose disposal, through an indirect mechanism involving 
niiHiulation of lipid leveis. Alternatively, activation of PPARy 
may regulate signaling molecules secreted by adipose such as 
tumor necm^is factpr-a or the ob gene product (29j 30), These 
secreted products could, in turn, modulate glucose metabolism 
in other tissues. 

In summary, our demonstration that an adipogenic thiazo- 
lidinedione is a high affinity ligand for PPARy provides com- 
pelling evidence that this nuclear receptor plays a critical role 
in adipogenesis. Clearly, an understanding of the PPARy sig- 
naling cascade may lead to insights into the molecular mech- 
anisms regulating energy homeostasis and the defects under- 
lying obesity and NIDDM 
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